Introduction {#sec0005}
============

Stereopsis is defined as binocular visual depth perception based on retinal rivalry and involves a complex neural interaction between motor and sensory processes.[@bib0005], [@bib0010], [@bib0015] Stereopsis is one of the parameters used to evaluate the interactions of the accommodative and vergence systems.[@bib0005], [@bib0010], [@bib0015] Stereoacuity is the smallest amount of horizontal retinal image disparity that gives rise to a sensation of relative depth.[@bib0005], [@bib0010] Saladin[@bib0015] described stereoacuity as a "barometer of vision" and good stereoacuity is a measure of the presence of good binocularity. In some case, however, defects in clinical measures of accommodation and vergence become more clinically important when individuals become symptomatic and visual performance are affected.[@bib0020] Evaluating patients' symptoms play a fundamental role in vision care practice as most patients consult the eye care practitioners because their symptoms bother them.

Another variable of interest is vision screening---which has been a strategic way to identify persons who have vision anomalies. This is relevant especially for underprivileged children who may be unable to afford an independent optometrist. Given the settings of most screenings, researchers require simple, fast and reliable screening tools and protocols which will enable them to minimize false positive referrals. A simple tool such as the stereoacuity test which has been reported to be a good screening tool among university students[@bib0025] will be useful. However, studies on the association between stereoacuity and accommodative and vergence anomalies which could enhance validation of stereoacuity as a screening tool are scarce. A good starting point to such studies is exploring the possible correlations among stereoacuity and accommodative and vergence measures.

A few studies in the 1950s investigated aspects of the relation of vergence measures and stereoacuity using laboratory experiments. Findings from these studies are inconsistent.[@bib0030], [@bib0035], [@bib0040], [@bib0045], [@bib0050], [@bib0055] Poggio and Poggio noted that given the importance of eye movements in stereopsis, it is surprising that so little is known about its role in stereopsis.[@bib0060] Besides placing targets of interest on the horopter for fusion, vergence eye movements also bring them into the range of maximum stereoacuity.[@bib0005], [@bib0060] Therefore, defects in oculomotor systems may influence stereocuity. The only related study was reported by Garzia and Nicholson.[@bib0065] They investigated stereopsis, accommodative and vergence facility in 43 university baseball players and found that only 6% of students with poor accommodative facility failed stereoacuity test.[@bib0065] Furthermore, only two available studies reported on stereoacuity and symptoms[@bib0025], [@bib0070] Ponsonby et al.[@bib0070] studied children aged 7--14 years in Tasmania while Momeni-Moghadam et al.[@bib0025] studied binocular anomalies and symptoms in a university population (mean age 20.89 ± 1.3 years). Both studies[@bib0025], [@bib0070] Ponsonby et al.[@bib0070] found that participants with reduced stereoacuity had higher symptoms scores using the CISS.

In general studies on the associations of reduced stereoacuity and clinical measures and symptoms especially in a high school population are scares. Therefore, the aim of the present study was to explore associations between stereoacuity and clinical measures of accommodation and vergences, and symptoms. The hypotheses proposed was that significant association between reduced stereocuities and defects in clinical measures, and with symptoms will suggest that reduced stereoacuity could predict participants with deficient clinical measures and those who may be symptomatic.

Methods {#sec0010}
=======

Study design {#sec0015}
------------

This cross sectional study was designed to quantify near vision anomalies (refractive and accommodative-vergence) and their association with symptoms in order to develop strategies on how to identify and treat them. Therefore, the focus of this report is on near vision variables. The study protocol was approved by the Biomedical Research Ethics Committee (ethical clearance reference number BE 177/12) of the University of KwaZulu-Natal, South Africa. Written informed consents for access to the schools were obtained from the KwaZulu-Natal's Department of Education and the school principals.

Sampling {#sec0020}
--------

The target population was Black high school students in the uMhlathuze Municipality of northern Kwazulu-Natal Province, South Africa. The study participants comprised 1211 children (481 males and 730 females) with age ranges of between 13--18 years who were selected from 13 out of a sample frame of 60 high schools in the municipality. The sample size was derived from the original study--part of which has been published elsewhere.[@bib0075], [@bib0080] The conduct of this study complied with the Declaration of Helsinki regarding research on human subjects. For the entire study, students were excluded if they had suppression on the Worth-4-dot, strabismus, ocular diseases, nystagmus, motility problems, and any systemic conditions or were on any systemic medication that might affect near vision function.

Study settings, materials and procedure {#sec0025}
---------------------------------------

The school principals provided rooms at the school venues where the vision examinations were conducted. The purpose and procedure for every technique were carefully explained to each participant before starting the eye examination procedures. Validated optometric instruments were used and techniques were applied as described. As much as possible, the same conditions including test distances and standard room illumination were applied for all sessions and at all testing sites. All vision testing was performed between 08h30 and 13h30 over a period of one year and eye examinations were not performed when students were preparing for examinations or during examination days.

Symptoms survey {#sec0030}
---------------

The case history comprised information on the history of ocular and systemic conditions, as well as the history related to near tasks, which was based on the Convergence Insufficiency Symptom Survey (CISS)[@bib0085] (Part1) (Appendix A, Supplementary material). The CISS is a validated reliable symptoms survey developed to study the frequency and severity of symptoms and to distinguish between symptomatic and asymptomatic convergence insufficiency (CI) children.[@bib0085], [@bib0090] It uses a Likert-type scale with responses from 15 questions regarding the symptoms participants experienced when reading or doing close work.[@bib0085], [@bib0090] The CISS allows a recording for whether the symptom is present and how often. The 15 items are summed to obtain an overall CISS score, with symptom severity ranging from 0 (asymptomatic) to 60 (most symptomatic).[@bib0085], [@bib0090] To administer the CISS, the examiner reads each of the 15 questions aloud while the participant views a card listing the five possible responses (never, infrequently, sometimes, fairly often, or always) which are assigned corresponding scores of 0, 1, 2, 3, and 4.[@bib0085], [@bib0090] Although the CISS was validated for CI, the inventors[@bib0085] suggested that it could be applied to investigate symptoms of other anomalies and as reported in Gallaway and Mitchell,[@bib0090] only one available study had done so while other studies have applied the CISS to evaluate symptoms for non-CI clinical measures.^5.14^ Because the CISS did not cover all symptoms items that may be associated with accommodative and vergence defects, a second questionnaire (Appendix B, Supplementary material) was compiled from sources detailed elsewhere.[@bib0080]

Data collection procedures {#sec0035}
--------------------------

### Preliminary tests {#sec0040}

As an approach to avoid bias, the research assistant in station one worked independently of the optometrist who collected data in station two. The tests in the second station were performed by one certified optometrist who was experienced in performing the techniques therefore addressing the concern of inter-examiner variability. The techniques performed in the second station included the preliminary and the main tests.

The preliminary tests were performed with participants wearing no optical correction and included ocular health status evaluation using the direct ophthalmoscope, suppression was evaluated at near using the Worth-4-Dot test (Bernell Corporation, Mishawaka Inc, USA).[@bib0075], [@bib0080] Other tests included evaluation of refractive errors objectively using an autorefractor (MRK/3100; Huvitz, Seoul, South Korea) and subjectively.[@bib0075], [@bib0080] Cycloplegia was not applied as the entire study was on investigating near vision anomalies and cycloplegia could affect near vision functions. In addition, the intention was to evaluate students' binocular vision status in their habitual state. Cycloplegia could not be applied as the focus of the study was on near function which will be disrupted by cycloplegia and school authorities declined permission to use cyclopegia. All cases were treated as new to ensure that maximal refractive compensation was utilised although most students did not wear glasses. As cycloplegia was not applied a +2.00 D lens was used to screen for latent hyperopia.[@bib0020]

### Stereoacuity {#sec0045}

Stereoacuity tests measure the smallest amount of recognizable retinal disparity in seconds of arc and this was assessed using the Randot stereo test (RST) (Vision Assessment Corporation, New York, USA) which measures global and contour (local) stereopsis.[@bib0095], [@bib0100] The RST measures fine stereopsis (perception obtained from small retinal disparities that can be fused for single vision)[@bib0100] and has been reported to be the most sensitive of the clinical test for stereoacuity and the reports on presence or absence of monocular cue is inconsistent.[@bib0105], [@bib0110], [@bib0115] The test booklet comprise symbols (house, square, apple and big circle) (measures from 400 to 100 s arc and smaller circles on test page[@bib0095], [@bib0100] ([Fig. 1](#fig0005){ref-type="fig"}).Figure 1Randot Stereoacuity test booklet. The bottom last plate scores up to 12.5 s arc.Figure 1

The test comprises 12 sets (of three circles with four rows) and the vectographic method is used to present disparity.[@bib0045], [@bib0110] The circles measure fine local stereopsis (400 down to 12.5 s arc)[@bib0095] and were used for this test. The test was done at 40 cm in normal room illumination with participant sitting and wearing vectographic spectacles without refractive correction in line with some objectives of the main study. Participants\` attention was then directed to the top 4 panels on the right-hand side of the open test book labelled A, B, C, and D. Given a time limit of 5 per line for response, participant was asked to identify the 3 panels which contain either a shape or figure.[@bib0095] Regardless of whether or not all figures were correctly identified and to measure fine stereoscopic threshold, the participant was asked to look at the 12 boxes each containing 3 circles and to indicate which circle (left, middle, or right) appeared to be floating (or "pop out") slightly above the other circles and that is the only circle that has crossed disparity.[@bib0095], [@bib0115] The procedure was repeated for boxes 2--12 and the number of figures identified correctly was recorded. The first consistent incorrect response on the circles was considered the limit of disparity except when the patient identified two consecutive finer stimuli correctly.[@bib0095], [@bib0115]

Accommodative and vergence tests {#sec0050}
--------------------------------

The accommodative and vergence tests are routine optometric techniques and have been described in detail in an earlier publication[@bib0075], [@bib0080] All near tests were performed at 40 cm with the best refractive distance corrections in place. The tests were performed three times and an average reading taken for analysis. For vergence test, the study is delimited to the report of only break values for NPC, negative fusional (BI) and positive fusional vergences (BO) respectively as the blur points of most participants appeared inconsistent. The near point of convergence (NPC) was measured using the Royal Air Force (RAF) rule with a vertical line target, the unilateral cover test was first performed to rule out strabismus while distance and near heterophoria were evaluated using the von Graefe technique in a specially-designed phoropter tripod.[@bib0075], [@bib0080] Fusional vergences (positive and negative) were measured using a horizontal prism bar (Gulden B-16 horizontal prism bars-Gulden Ophthalmics, Elkins Park, PA). Negative fusional vergence was measured first before positive fusional vergences.[@bib0080], [@bib0105]

Accommodation tests performed included the amplitude of accommodation (AA) which was assessed using the Donder's push-up method with the RAF near point rule,[@bib0075], [@bib0080] accommodation response (AR) was measured using the monocular estimated method (MEM) dynamic retinoscopy technique[@bib0075], [@bib0080] and accommodative facility (AF) was assessed using the plus/minus 2.00 D flipper lens. Relative accommodation tests were performed on the phoropter, negative relative accommodation (NRA) was measured first followed by positive relative accommodation (PRA).[@bib0075], [@bib0080]

Data analysis {#sec0055}
-------------

All data were entered on Microsoft Excel, checked by the author and analyzed by a statistician using the Statistical Package for Social Sciences (SPSS for Windows, Version 21.0, IBM-SPSS, Chicago, IL, USA). Descriptive statistics were presented as means, standard deviation and median. The Kolmogorov-Smirnov (K--S) was used to test for normality of data and given that most data were borderline between normal and non-normal distribution, both parametric and non-parametric statistical tests were applied to analyse most data. Specifically, both the Mann-Whitney test, Kruskal-Wallis and the t-tests were used to compare means and medians of defective clinical measures for stereoacuity and symptoms. Similarly, the Pearson correlation tests were used to compare the correlations between stereoacuity and clinical measures, as well as, with symptoms while Spearman's rho test was used to examine correlations between clinical measures and symptoms. A *p* value of ≤ 0.05 was considered statistically significant. The descriptive statistics are presented using tables, while the frequency distributions of stereoscopic threshold are presented using the histogram. The criteria applied to define the clinical measures ([Table 1](#tbl0005){ref-type="table"}) were derived from a recent study on normative data from the sample using at least the mean ± 1 SD.[@bib0075], [@bib0080]Table 1Criteria applied to define deficient clinical measured.Table 1Clinical measuresCut-off criteria (Fail)Stereoacuity Reduced stereoacuity (sec arc)≥ 60Vergence Near point of convergence (NPC) (cm)≥ 10 Near exophoria (pd)≥ 6 Near esophoria (pd)≥ 2 Right near hyperphoria (pd)≥ 0.5Fusional vergences (FV) (pd) Negative fusional vergence break (pd)≤ 12 Positive fusional vergence break (pd)≤ 16 Sheard's criterion = FV ≥ 2 X phoria (pd)Accommodation Amplitude of accommodation (AA) (binocular) D≤ 12 Accommodative facility (AF) ± 2 (binocular**)** (cpm)≤ 5 Accommodative response (AR) DS≥ 0.75 Negative relative accommodation DS≥ + 2.50 Positive relative accommodation DS≥ −3.00

A simple, fast and valid screening tool is required to minimize over referrals and validation of screening tools were achieved through sensitivity, specificity and the Receiver Operation Curve (ROC) analysis. The ability of the test tool to distinguish between children with and without defects in the present study was characterized using the sensitivity and specificity of the tests.[@bib0090] The sensitivity of the test is calculated as the percentage of children with defects in clinical measures who were correctly identified by the test tool. To be considered useful to identify vision defects, a high sensitivity (or low rate of false-negative results) is required while a high specificity (or low rate of false-positive results) is necessary to conclude that the test is a useful tool for confirming deficiencies in clinical measures.[@bib0090]

Results {#sec0060}
=======

Sample characteristics {#sec0065}
----------------------

A total of 1211 returned their consent and assent forms but 10 students were excluded, (seven had amblyopia, one was diabetic, another was diagnosed with glaucoma and the other had corneal scars due to trauma) leaving 1201. A further 145 children aged 19 and older were excluded from this report as it is intended to report only on participants of official high school age range of 13--18 years in South Africa. Thus, data was analyzed for 1056 participants (a response rate of 87%) with mean age 15.8 ± 1.58 years and a median age 16 years. There were 403 (38%) males and 653 (62%) females. The sample comprised 781 (73.9%) students from grades 8--10 (lower grade level) and 275 (26.0%) from grades 11--12 (higher grade level).There was a high correlation between left and right eyes spherical equivalent refractions (*r* = 0.645, *p* = 0.01), therefore, only data for right eye are reported. The prevalence of refractive errors in this sample was: myopia: 6%, astigmatism 2.3%, anisometropia 1.3% and hyperopia 6.8%. The descriptive statistics for refractive, accommodative and vergence measures are shown in [Table 2](#tbl0010){ref-type="table"}. All results reported are for near accommodative and vergence measures.Table 2Descriptive statistics for accommodative and vergence measures and symptoms.Table 2Clinical measuresNMean, SDSkewSymptoms scores105227.38 ± 11.04−0.120Refraction Right eye sphere (DS)1056−0.01 ± 0.36−6.22 Right eye cylinder power (DC)1056−0.07 ± 0.25−8.24 Stereoacuity (sec arc)105543.9 ± 25.234.41VergenceNear point of convergences (NPC) (cm) Near point of convergences break (cm)10566.88 ± 2.886.15 Near point of convergences recovery (cm)10569.48 ± 3.475.25Heterophoria (near) (pd) Lateral (pd)1056−1.78 ± 4.240.26 Vertical (pd)10560.03 ± 0.3614.91Near fusional vergences (pd) Negative fusional vergence break (pd)105517.37 ± 5.450.66 Negative fusional vergence recovery (pd)105512.52 ± 4.230.07 Positive fusional vergence break (pd)105525.38 ± 9.16−0.41 Positive fusional vergence recovery (pd)105517.49 ± 6.770.35Accommodation (D) Amplitude of accommodation (bin) (D)105615.6 ± 3.19−0.58 Accommodative facility binocular ± 2 (cpm)9968.75 ± 3.46−0.68 Accommodative response (lag)(D)10510.55 ± 0.210.06 Negative relative accommodation (D)10552.17 ± 0.48−2.76 Positive relative accommodation (D)1055−2.44 ± 0 .711.43

Frequency distribution of stereoscopic thresholds {#sec0070}
-------------------------------------------------

The stereo threshold of 40 arc sec was the most frequent ([Fig. 2](#fig0010){ref-type="fig"}).Figure 2Frequency of stereoacuity values.Figure 2

Prevalence and distribution of reduced stereoacuity {#sec0075}
---------------------------------------------------

The main criteria used to define reduced stereoacuity were ≥60 s arc and this was used for analysis and associations with symptoms. The prevalence of reduced stereoacuity was 199 (18.9%) (95% CI = 16.6--21.4). Other distributions included ≥40 which was 699 (66.5%) (95% CI = 63.5--69.3%) while ≥ 80 was 58 (5.5%) (95% CI = 4.2--7.1%). Gender did not influence the distribution of stereoacuity (males, mean = 43.3 ± 29.3), (females, mean = 44.4 ± 22.4) (*t* = 0.495, *p* = 0.68) although participants in the older age-group (16--18 years) had a significantly higher (worse) mean stereoacuity (mean = 45.9 ± 28.0 years) than those in the younger age group (13--15 years) mean stereoacuity = 40.96 ± 20.04 years (*t* = 3.14, *p*  = 0.002).

Associations between stereoacuity and clinical measures {#sec0080}
-------------------------------------------------------

Given that the data for stereoacuity was skewed, the Mann-Whitney test non-parametric test was used to analyse associations between clinical measures and stereoacuity. The median stereoacuities for defective clinical measures were significantly higher (worse) than for normal ranges for most clinical measures except near hyperphoria and positive relative accommodation ([Table 3](#tbl0015){ref-type="table"}). Furthermore, the Pearson's correlation test showed significant and moderate correlations between clinical measures and stereoacuity except for vertical phoria ([Table 4](#tbl0020){ref-type="table"}). The median stereoacuities for convergence measures are higher than accommodative measures indicating that convergence measures have worse stereoacuities with stronger associations.Table 3Associations between stereoacuity and clinical measures.Table 3Clinical measures/cut-offsMedian stereoacuity (sec arc)Mann-Whitney test values (*p*-)**n**Vergence NPC ( ≥ 10 cm)665836.69 (0.001)\* NPC (\< 10 cm)98440Heterophoria Exophoria (≥ 6) (pd)172402.47 (0.116) Exophoria( \< 6) (pd)87440 Esophoria ( ≥ 2) (pd)135408.31 (0.004)\* Esophoria (\< 2) (pd)90840 Hyper phoria (≥ 0.5) (pd)38401.71 (0.191) Hyper phoria ( \< 0.5) (pd)100640Fusional vergences NFV (≤ 12) (pd)1845019.60 (0.001)\* NFV (\> 12) (pd)86340 PFV (≤ 16) (pd)1615027.41 (0.001)\* PFV ( \> 16 ) (pd)89040AccommodationAA (binocular) (D) AA (≤ 12) (D)1835033.04 (0.001)\* AA (\> 12) (D)86640AF (binocular) AF ± 2 ( ≤ 5) (cpm)1825030.47 (0.001) AF ± 2 ((\> 5) (cpm)80740Accommodative response AR (lag) (≥ 0.75) (DS)2525026.20 (0.001)\* AR (lag) ( \< 0.75) (DS)79240Relative accommodation NRA ( ≥ +2.50) (DS)4044012.90 (0.001)\* NRA ( \< 2.50) (DS)64040Positive relative accommodation PRA ( ≥ −3)(DS)69403.05 (0.081) PRA ( \< −3) (DS)97540[^1]Table 4Correlations between clinical measures and stereoacuity.Table 4Clinical measuresStereoacuity correlation coefficients***r**p***Refraction Sphere (DS)−0.202**0.001\*** Cylinder (DC)−0.075**0.002\***Vergence*NPC (cm)*0.292**0.001\****Phoria* Exophoria (pd)0.088**0.004**\* Esophoria(pd)0.2400.001\* Vertical(pd)0.0040.886*Fusional vergence*** NFV break**(pd)**−0.5530.001\*** PFV break(pd)−0.3650.001\*Accommodation AA (binocular ) (D)−0.1160.001\* AF (binocular ) (cpm)−0.2440.001\* AR (lag) (DS)0.0950.002\* NRA (DS)−0.1380.001\* PRA (DS)0.1460.001\*

Prevalence of defective clinical measures with reduced stereoacuity {#sec0085}
-------------------------------------------------------------------

A high percentage of participants who had defective clinical measures also had reduced stereoacuity ([Table 5](#tbl0025){ref-type="table"}) and participants with accommodation lag had the highest frequency of fails of the stereoacuity test while hyperphoria had the least frequency of failure of stereoacuityTable 5Percentage of defective clinical measures with reduced stereoacuity.Table 5Defective clinical measures with cut-offsPercentage failed stereoacuity test (n/%)Vergence NPC break (≥ 10) ( cm)33 (16.6) Exophoria (≥ 6) (pd)45 (22.0) Esophoria (\> 2) (pd)38 (18.6) Hyperphoria (\> 0.5) (pd)3 (1.4)Fusional vergences (pd) NFV break (≤ 12)(pd)59 (29.8) PFV break (≤ 16)(pd)59 (29.6)Accommodation AA (≤ 12 ) (D)52 (26.4) AF ± 2 (binocular ) (≤ 5 ) (cpm)50 (27.6) AR (lag) ( ≥ 0.75) (D)68 (34.7)

To explore the accuracy of the Randot stereoacuity test to distinguish between normal and defective clinical measures, the sensitivity and specificity estimates ([Table 6](#tbl0030){ref-type="table"}), the ROC curves characteristics ([Fig. 3](#fig0015){ref-type="fig"}A--K) as well as, the odds ratios ([Table 7](#tbl0035){ref-type="table"}) were analyzed. A stereoacuity test (with cut-off of ≥60 s arc) was more likely to be accompanied with reduced NPC break, PFV, reduced AA, AF and lag of accommodation ([Table 6](#tbl0030){ref-type="table"}). The reverse nature of the plots for relative accommodation shows that Randot stereoacuity test cannot identify defective relative accommodation.Table 6Sensitivity and specificity of diagnosis of defects in accommodative and vergence measures with Randot stereoacuity test.Table 6Clinical measuresArea under the curveLower limitUpper limitSensitivity (%)PPV\* (%)Specificity (%)NPV\* (%)Vergence NPC break (≥ 10) (cm)0.700.630.7747.6215.3883.2196.61 Exophoria (≥ 6) (pd)0.530.480.5824.8622.0582.6384.76 Esophoria (≥ 2 (pd)0.570.520.6228.8920.083.3989.43 Right hyperphoria (≥ 0.5) (pd)0.560.460.6526.325.181.6196.70 NFV break (≤ 12) (pd)0.590.550.6431.3129.3884.0985.28 PFV break (≤ 16) (pd)0.620.570.6735.8529.2384.4688.03Accommodation AA (binocular) (≤ 12) (D)0.630.590.6728.1826.4283.5584.62 AF ± 2 (binocular) ≤ 5 (cpm)0.620.580.6727.0727.5383.9883.91 AR (lag) ( ≥ 0.75) (DS)0.600.560.6426.9835.2384.1678.30 NRA ≥ + 2.50 (DS)0.430.400.4715.8433.1679.8460.04 PRA ≥ −3.00 (DS)0.430.370.5018.2676.7221.741.85[^2]Figure 3XXX.Figure 3Table 7Relationship between fail of each clinical test and stereoacuity.Table 7Clinical measuresOdds ratio[a](#tblfn0005){ref-type="table-fn"}(95% CI)*p*-valueVergence NPC break (≥ 10)( cm)4.51 (2.67--7.59)**0.001** Exophoria (≥ 6 )(pd)1.57 (1.06--2.32)**0.03** Esophoria (≥ 2 ) (pd)2.11 (1.40--3.19)**0.001** RE hyper (≥ 0.5) (pd)1.58 (0.76--3.23)0.308 NFV break (≤ 12) (pd)2.41 (1.67--3.46)**0.001** PFV break (≤ 16) (pd)3.04 (2.09--4.40)**0.001**Accommodation AA (binocular) (≤ 12) (D)1.98 (1.37--2.86)**0.001** AF ± 2 (binocular) (≤ 5)(cpm)1.95 (1.33--2.84)**0.001** AR (lag) ( ≥ 0.75) (DS)1.96 (1.40--2.75)**0.001** NRA ≥ + 2.50 (DS)0.75 (0.54--1.04)0.095 PRA ≥ −3.00 (DS)0.06 (0.03-0.11)**0.001**[^3]

The ROC for the accommodative and vergence were represented by the [Fig. 3](#fig0015){ref-type="fig"} (A--K): near point of convergence break, B: exophoria C: esophoria, D: right hyperphoria, E: negative fusional vergence, F: positive fusional vergence, G: amplitude of accommodation, H: accommodative facility, I: accommodative lag, J: negative relative accommodation, K: positive relative accommodation.

Stereoacuity and symptoms {#sec0090}
=========================

Frequency of CISS symptoms scores {#sec0095}
---------------------------------

Using the CISS survey, for Part 1 questionnaire, a high percentage 903 (86%) of participants were symptomatic (defined as ≥16) \[41.29% were mildly symptomatic, 32% moderately and 27% severely symptomatic when compared to 149 (14%) who were asymptomatic. For Part 2, 562 (53%) were symptomatic whereas 490 (47%) were asymptomatic although the survey was validated only for Part 1 survey.

According to Borsting et al.[@bib0085] the *performance-related subscale (*PRS) which consisted of six symptoms included *loss of concentration, loss of place with reading, reading slowly, trouble remembering what was read, getting sleepy while reading and having to re-read lines.* The eye-related subscale consists of nine symptoms specific to visual function or asthenopic-type complaints (such as eyes hurt, diplopia, blurred vision, headaches, eye tiring, eyes sore, words that move and jump, uncomfortable eyes and pulling sensations around the eyes).[@bib0085] The (PRS) are more frequent than the eye-related which was the case in the present study for four of the PRS symptoms ([Fig. 4](#fig0020){ref-type="fig"}) Symptoms from Part 2 ([Fig. 5](#fig0025){ref-type="fig"}) are not part of the validated CISS scale.Figure 4Frequency of CISS (Part 1) symptoms.Figure 4Figure 5Frequency of non-CISS (Part 2) symptoms.Figure 5

Association between symptoms and reduced stereoacuity (Part 1 symptoms survey) {#sec0100}
------------------------------------------------------------------------------

Overall, the mean symptoms scores for Part 1 was 27.38 ± 11.04 and 15.93 ± 7.43 for Part 2 symptoms questionnaire and the mean symptoms score (44.31 ± 24.88) for children with reduced stereoacuity was significantly worse than (39.15 ± 19.50) (*p* = 0.01) for those with normal stereoacuity. Similarly, symptomatic participants had significantly worse mean stereoacuity (31.96 ± 9.30) than the asymptomatic participants (8.58 ± 5.06) (*p* = 0.02). However, for percentages, the association between symptoms and reduced stereoacuity was marginally significant (*p* = 0.05). There were statistically significant moderate positive correlation between stereoacuity and symptoms scores that is, as the symptoms scores increased, the stereoacuity threshold also increased (that is, worsened) (*r*^2^ = 0.26 *p =* 0.001, 95% CI = 0.312−0.705) ([Fig. 6](#fig0030){ref-type="fig"}). Furthermore, the Pearson correlation tests revealed positive statistically significant but weak relationship between stereoacuity and symptoms scores for Part 2 symptoms scores (*r*^2^ = 0.09, 95% CI = 0.125--0.39, *p* = 0.001).Figure 6Correlation between stereoacuity threshold and symptoms scores.Figure 6

The mean symptoms for participants with reduced stereoacuity (Mean, 12.94 ± 11.26) were significantly higher than for those with good stereoacuity (Mean, 10.63 ± 10.35, *p* = 0.01). Furthermore, the relation of stereoacuity with specific response (for "always" responses only) was explored. The mean symptoms for participants with reduced stereoacuity (Mean, 12.94 ± 11.26) were significantly higher than for those with good stereoacuity (Mean, 10.63 ± 10.35) (*p* = 0.01). Similarly, for Part 2 symptoms survey, the mean symptoms for participants with reduced stereoacuity (mean, 8.18 ± 7.53) was significantly higher than for those with good stereoacuity (Mean 6.75 ± 7.08) (*p* = 0.01).

To facilitate differential diagnosis, analysis of associations of stereoacuity with specific symptoms was investigated. For Part 1 symptoms, in 8 out of 15 questions (53%), ([Table 8a](#tbl0040){ref-type="table"}, highlighted) the reduced stereoacuity category showed significantly higher mean symptoms scores while good stereoacuity had higher mean symptoms scores for 7/15 (47%) ([Table 8a](#tbl0040){ref-type="table"}). For Part 2 questionnaire with 9 questions, the mean for reduced stereoacuity was significantly higher in only 3 out of 9 questions (33%) ([Table 8b](#tbl0045){ref-type="table"}). Only variables with significant association with symptoms questionnaire are indicated on [Table 8a](#tbl0040){ref-type="table"}, [Table 8b](#tbl0045){ref-type="table"}.Table 8aAssociations between stereoacuity and specific symptoms Part 1.Table 8aCISS numberingSymptoms questionnairesStereoacuitySymptomsReduced (≥ 60)Normal (\< 60)*t*-test (*p*-valuenMean ± SDMean ± SD6Do you have trouble remembering what you have read?10172.34 ± 1.381.97 ± 1.293.51 (0.001)\*7Do you have double vision when reading or doing close work?10121.57 ± 1.321.32 ± 1.292.38 (0.002)\*8Do you see the words move, jump, swim, or appear to float on the page when reading or doing close work?10301.45 ± 1.361.14 ± 1.312.95 (0.003)\*9Do you feel like you read slowly?10172.37 ± 1.322.12 ± 1.412.36(0.002)\*11Do your eyes ever feel sore when reading or doing close work?10222.17 ± 1.381.87 ± 1.362.73(0.001)\*12Do you feel a "pulling" feeling around your eyes when reading or doing close work?10221.91 ± 1.331.60 ± 1.322.92 (0.004)\*14Do you lose your place while reading or doing close work?9351.92 ± 1.471.67 ± 1.402.06 (0.004)\*15Do you have to re-read the same line of words when reading?2.67 ± 1.282.37 ± 1.312.79 (0.001)\*Table 8bAssociations between stereoacuity and specific symptoms Part 2.Table 8bPART 2 Symptoms surveySymptomsReduced stereoacuity (≥ 60)Normal stereoacuity (\< 60)t-test (p-value)18.Do you see things as blurry (not clear) when you read or use the computer?10042.09 ± 1.371.78 ± 1.322.89 (0.004)\*19.Do you feel dizzy when you read?10202.13 ± 1.391.84 ± 1.392.59 (0.001)\*21.Do you have problems when you look on the chalkboard, back to your textbook, and back to the chalkboard again?10272.10 ± 1.451.77 ± 1.402.89 (0.004)\*

Bivariate logistic regression analysis showed that participants with reduced stereoacuity were 1.67 times more likely to be symptomatic compared to those with normal stereoacuity (OR = 1.67; *p* = 0.05; 95% CI: 1.027--2.774). To determine the validity of Randot stereoacuity test to distinguish between symptomatic and asymptomatic school children were examined using the sensitivity and specificity test. The maximum validity values of the CISS were: sensitivity was-90.26%, specificity 15.26%, PPV 19.60% and NPV 87.24%. The Receiver Operating Curve (ROC) ([Fig. 7](#fig0035){ref-type="fig"}) values were: 0.57 (95% CI = 0.53--0.62, *p* = 0.001). These findings indicate that the accuracy of the Randot stereoacuity test (≥60 s arc) to distinguish between symptomatic and asymptomatic children is poor.Figure 7Receiver Operating Characteristics (ROC) Curve for sensitivity and specificity of screening test for Stereoacuity and symptom scores (CISS).Figure 7

Discussion {#sec0105}
==========

This study explored associations of stereoacuity with clinical measures and symptoms. Reduced stereoacuity and defective clinical measures were prevalent in this sample of high school students. Stereoacuities were worse in children with defects in clinical measures and in symptomatic than in asymptomatic children. The findings suggest that Randot stereoacuity test has a fair accuracy to distinguish between children with or without defective clinical measures of accommodative and vergence. However, it has a low accuracy to identify symptomatic children. This implies that in a clinical setting, reduced stereoacuities could signify reduced clinical measures.

Reduced stereoacuity: prevalence and associations with accommodative and vergence measures {#sec0110}
------------------------------------------------------------------------------------------

The prevalence of reduced stereoacuity varied across studies and are influenced by diverse study designs. The prevalence of reduced stereoacuity of 18.9% is higher than 16.8% reported by Ponsonby et al.[@bib0070] who studied primary school children in Australia. Lack of studies on similar population as present study precludes extensive comparison of results. On the association between clinical measures and stereoacuity the participants with defective clinical measures of accommodation and vergence had significantly worse mean stereoacuities than those with good stereoacuity. Good stereoacuity requires clear retinal image and given the role of accommodation on stereopsis in adjusting focus for clear vision, blur caused by an accommodative error will disrupt the accommodative-convergence synergy and reduce the precision of stereopsis.[@bib0100], [@bib0105], [@bib0110], [@bib0115], [@bib0120], [@bib0125] With natural pupils, errors of 1 D and 2 D cause nearly two-and ten-fold reductions in stereoacuity, respectively.[@bib0125] The significant association between reduced stereoacuities and the clinical measures of AI (amplitude, lag and facility) ([Table 3](#tbl0015){ref-type="table"}) corroborate the reported association between AI and stereoacuity.[@bib0080]

In the literature, the relation of vergences to stereoacuity tends to be of more research interest than with accommodation.[@bib0030], [@bib0035], [@bib0040], [@bib0045], [@bib0050], [@bib0055] and this may be related to the fact that vergence functions seem to be more relevant to stereoacuity and thus may be more affected than by accommodative parameters. This is evident from the more reduced stereoacuities of convergence measures including the NPC & PFV ([Table 3](#tbl0015){ref-type="table"}) Findings from earlier studies on the effect of convergence on stereoacuity varied though it seems unanimous from the studies that the role of convergence may mainly be mechanical. The anatomical design of the eyeball enables it to rotate freely therefore convergence sets the eyes in place to commence the process of minimizing disparity[@bib0030], [@bib0035], [@bib0040], [@bib0045], [@bib0050], [@bib0055] thus enhances the sense of depth.[@bib0045]

A significant correlation between esophoria and stereoacuity corroborates results from previous studies which found that even small degree of esophoria negatively impacted on stereoacuity more than did exophoria.[@bib0130], [@bib0135] Differences in stereo-functions between the esophores and exophores may be related to relative strengths of the separate slow vergence adaptation mechanisms[@bib0015], [@bib0135] given that exophores have slower convergence (take longer to reduce disparity error) compared to the same persons' divergence movements.[@bib0140] Studies[@bib0150], [@bib0155], [@bib0160] which related stereoacuity to vergence measures were conducted by experimentally inducing vergences stress while stereoacuity was measured. Reduced stereoacuity is often associated with induction of prism.[@bib0150], [@bib0155], [@bib0160], [@bib0165], [@bib0170] Biler et al.[@bib0150] found that the introduction of base in and base out prism caused significant reduction in stereoacuity with reduced stereoacuity occurring at 20 pd for convergence and 13 or divergence. In the present study, reduction of stereoacuity was associated with a mean negative fusional vergence break of less than 12 prism dioptres and less than 16 positive fusional vergence break.

Remarkably, the mean stereoacuities for convergence measures are higher than for accommodative measures which indicates a stronger associations of stereoacuity with vergence than accommodation measures ([Table 3](#tbl0015){ref-type="table"}). This finding further supports the idea that convergence function is more utilised in eye movement therefore may be prone to more stress than accommodative measures. Overall, the weak correlation among stereoacuity and clinical measures may be related to the low mean values from clinical measures and may be a characteristic of this population. From another perspective, Nicolson and Garzia,[@bib0065] noted that reduced stereoacuity may not be related to clinical measures due to the nature of the stereoacuity testing where, unlike accommodative facility, stereoacuity testing lacks stimulus which could challenge the system during test. Stronger correlations between clinical measures and stereoacuity may be obtained after an intense near task.

In general, reduced stereoacuity from clinical measures may be related to breakdown in the accommodative-vergence synergy arising from performing near task. For a stimulus to be seen as fused rather than diplopic, the eyes must be converged to a distance close to the object distance. The Panums fusional area measures between 8−12 min of arc near the fovea.[@bib0105] Beside the foveae, many retinal loci can produce fusion and this area increases towards the periphery.[@bib0105] The tolerance range of Panum's fusion area is approximately 15--30 min of arc.[@bib0105], [@bib0125] Therefore, vergence errors larger than 15--30 min of arc cause a breakdown in binocular fusion and stereopsis is thereby disrupted.[@bib0125], [@bib0130], [@bib0135], [@bib0140], [@bib0145], [@bib0150], [@bib0155], [@bib0160], [@bib0165], [@bib0170], [@bib0175] The individual may develop adaptive changes which cause accommodative-vergence anomalies and those who adapt poorly manifest symptoms.[@bib0180]

Overall, the complex neuronal interactions between the oculomotor and sensory processes which act to reduce excessive retinal disparity suggest a strong link between depth perception and motor fusion.[@bib0110], [@bib0185] Thus, it could be argued that if the mechanism that controls fusion or the vergence mechanism is impaired, stereoacuity may also be impaired.[@bib0185], [@bib0190] Also, the high vergence effort used to control deviations could cause reduced stereoacuity, which also indicates the limits of practically useful vergence[@bib0195] because the disparity magnitude exceeds its threshold value (that is, the Panum's fusional area or tolerance for vergence error).[@bib0200] Stereopsis occurs when retinal disparity is great enough to permit simple superimposition of the two retinal images, but not enough to elicit diplopia.[@bib0005], [@bib0205], [@bib0210] Although smaller vergence errors may not cause fusion to break, a marked reduction in stereoacuity may be expected.[@bib0125], [@bib0175], [@bib0185] It may thus be inferred that abnormal accommodative-vergence measures could affect stereoacuity, at least up to a critical level for fine stereopsis and greater level of association with vergences may be expected with coarse stereopsis.[@bib0100], [@bib0185] Coarse stereopsis is a low-resolution spatial frequency disparity range which plays a role in early development of coordinated binocular eye movements and permits the development of the first-order and high-resolution fine stereoscopic system.[@bib0100], [@bib0210]

Even though sensory fusion is essential for the highest degree of stereopsis, lower degrees may occur in its absence and in some cases, could occur in heterotropia of less than 10 prism dioptres[@bib0005], [@bib0185], [@bib0195] as well as, in microtropia.[@bib0005], [@bib0185], [@bib0195] Coarse stereopsis is common among people who have normal fine stereoacuity and ocular alignment and in those who may not have binocular vision anomalies.[@bib0205], [@bib0210], [@bib0215] Jones[@bib0210] and Richards[@bib0215] reported a relatively high proportion of individuals who had an adequate binocular vision and normal fine stereopsis but were found to manifest reduced or absent convergent or divergent eye movements with associated stereo anomaly for coarse stereopsis. Another mechanism of reduced stereoacuity under conditions of vergence stress include temporary anomalous retinal correspondence, which are small shifts in retinal correspondence that can occur without disrupting Panum's fusional process.[@bib0220]

Stereoacuity and symptoms {#sec0115}
-------------------------

A high percentage (86%) of participants were symptomatic \[mild: 41.29%, moderate: 32% and severe: 27%\] which is higher than 47.5% reported by Ponsonby et al.[@bib0070] who also used the CISS and the severity was not categorised. Given that CISS test was appropriately administered, several factors could be proposed for the high prevalence in the present study. The validation of the CISS in only the English language may create some challenges for non-native English speakers rural school children in this study. For example, it may be difficult to understand a distinction between some of the symptoms question options such as *infrequently, sometimes* and *fairly often* even when translated to their native isiZulu language. A study in India found that language affects the interpretation of the CISS and recommended the validations of the survey for other languages.[@bib0225] Secondly, students may exaggerate symptoms in order to be given spectacles. Furthermore, high frequency of symptoms in the present study may also be related to the fact that cases of refractive errors were not excluded as was done in some studies.[@bib0230], [@bib0235], [@bib0240] These studies[@bib0230], [@bib0235], [@bib0240] found lower frequencies of symptoms which may have increased the prevalence compared to when refractive errors are excluded. It is also possible that high frequency of symptoms is peculiar with this population and this may require further investigation.

As in the present study, the findings of worse symptoms scores among children with worse stereocuities corroborate results from previous studies.[@bib0025], [@bib0070] Given the significant associations between binocular anomalies and symptoms[@bib0080] and stereoacuity test being a measure of the presence of good binocularity,[@bib0015], [@bib0115] an association between reduced stereoacuity and symptoms may be expected and further studies may be needed to validate this.

Different cut-points yield different sensitivities and specificities hence it is difficult to compare sensitivities and specificities reported in different studies. Studies on the validity of stereoacuity to screen for symptoms could not be found. Thus, the present study provides baseline data towards further studies.

Summary, implications and applications of findings {#sec0120}
==================================================

School vision screening is often a good avenue to identify children who may be at risk for vision anomalies and with limited access to eye care and unable to afford the independent optometrist. Binocular anomalies predispose the student to develop symptoms as near point visual demands increases. Developing a quick and simple screening tool will enhance screening at every level. Findings from this study could guide subsequent studies towards validation of stereoacuities as a screening tool. The findings from this study showed that:▪Participants with defective clinical measures had significantly worse stereoacuities than those with normal ranges.▪Participants with reduced stereoacuity had significantly worse mean symptoms scores than asymptomatic although the weak correlation between stereocuity and symptoms limits interpretation and application.▪The Randot Stereo test could be used as a screening tool to identify defects in clinical measures and those who may be symptomatic children.

Being a simple and easy-to-administer tool, the Randot stereoacuity test will be useful to researchers, school personnel and clinician as a screening tool.

Lack of cycloplegia is a limitation of this study although it was difficult to get parents and school authorities to permit the use of eye drops on their children. In addition, Laudon[@bib0245] noted that the use of cycloplegia in studies on near vision anomalies may be unnecessary[@bib0245] as the use of cycloplegia may disrupt the sequence of testing and school principals do not always allow interruptions of children's classes. Despite the outlined limitations, the firm research design including large sample size, random sampling, one optometrist collected data are some strengths of the study. In addition, the data was analyzed by a statistician who is a non-eye care practitioner and is unaware of the criteria and terminologies used throughout the study. Consequently, the findings are valid and can be extrapolated to similar populations.

Conclusion {#sec0125}
==========

Reduced stereoacuity, defective clinical measures and symptoms of asthenopia are prevalent in sample of school children studied and those with defective clinical measures and those that are symptomatic are more likely to have reduced stereoacuity. In a screening setting, Randot Stereoacuity test could fairly identify defective clinical measures although the accuracy to identify between symptomatic and asymptomatic school children was poor. Findings highlight the need for a fast and reliable screening tool among school children. Further studies will be needed to validate present findings.
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[^1]: Variables with significant associations. NPC = near point of convergence, NFV = near fusional vergence, PFV = positive fusional vergence, AA = amplitude of accommodation, AF = accommodative facility, AR = accommodative response, NRA = negative relative accommodation, PRA = positive relative accommodation.

[^2]: NPC = near point of convergence, NFV = near fusional vergence, PFV = positive fusional vergence, AA = amplitude of accommodation, AF = accommodative facility, AR = accommodative response, NRA = negative relative accommodation, PRA = positive relative accommodation. PPV = positive predictive value, NPV = negative predictive value, Reduced stereoacuity score ≥ 60 s arc.

[^3]: Tests if increase (or decrease) in stereoacuity scores is associated with increase (or decrease) in odds of failing the clinical test. Statistically significant (p \< 0.05 are in bold fonts). RE = right eye Hyperphoria. NPC = near point of convergence, NFV = near fusional vergence, PFV = positive fusional vergence, AA = amplitude of accommodation, AF = accommodative facility, AR = accommodative response, NRA = negative relative accommodation, PRA = positive relative accommodation, Reduced stereoacuity score ≥ 60 s arc.
